Abstract-Electromagnetic Interference (EMI) and Signal Integrity (SI) issues have generated challenges to the high speed digital circuit designer as the operating clock frequency of the system continue to increase to accommodate broadband applications. Discontinuity due to microstrip bents which appear frequently in most VLSI design requires thorough understanding on the current distribution in order to generate the immunity and emission characteristic of the circuit. In this paper, the focus will be on the bent microstrip transmission line based on the forward-backward travelling wave mode method (TWM) by Xilei Liu et. al. Their approach will be modified with the adoption of equivalent wire model to suit for the case of microstrip line. The expanded Hertzian dipole formulations were then used to determine the inadmissible radiated emission that annoys the external circuits. Computer simulation using MICROWAVE STUDIO® will be implemented for validation of the modelling technique.
I. INTRODUCTION
OWADAYS as the demand to accommodate the layout density, processing speed, more over the cost pressure continue to aggrandize, these implicitly drive the awareness on the simulation of the unintentional radiated emission of printed circuit boards (PCBs) in order to achieve a designintegrated electromagnetic compatibility analysis. Antecedent, less attention has been paid to the differentialmode radiation from the signal trace, adverse attention had been put on the other predominance radiation from common-mode current and power bus. Anyway, this situation changed as the clock speeds have reached the gigahertz range, differential-mode radiation has received a considerable emission potential.
The increasing speed of the digital circuits as well as the density of printed circuit board often results in more challenging signal integrity quandary. Bifurcated traces (Tjunctions, Y-junctions, right-angle bends or left-anglebended and steps planar transmission lines) are currently a compulsion to fulfil the needs of a denser printed circuit boards during the routing cycle. Discontinuity which contributes to the reflection and mismatching troubles is the culprit which always degrades the quality of the signal.
As a rule of thumb, one of the effective ways to reduce this type of emission is to route all the high-speed signal nets on the inner layer of the boards, shielded by solid ground or supply layers. Although this idea seems to be workable, it is not practical from the standpoint of cost reduction. So eventually, there will be some critical traces which fail to be shielded.
Since early 1960s, many works had been carried out on bent microstrip line, including the optimisation of the bent trace to improve its performance by mitterring [1] , [2] , [5] and on radiation loss of the bent structure with different bent angle [3] - [6] . In this paper, the focus will be on the radiated emission of a bent microstrip line with bent angle of 90 degree for matched, unmatched and open termination at frequency range of 1 -2 GHz.
Numerous approaches have been reported in the literature [3] - [6] to compute the radiation from the bent microstrip line. Hence, different formulations to represent the electric field have been published. Section II will briefly explain the equivalent wire model, which was used in approximating a microstrip line to its equivalent wire formulation. In section III, travelling wave mode (TWM) method will be used in analyzing the current distribution along the equivalent wire line. The formulation to calculate the radiated emission by expanding the Hertzian dipole model will be discussed in section IV. In order to validate the modelling approach, MICROWAVE STUDIO® will be utilized in the simulation. Finally, the result will be presented and discussed.
II. EQUIVALENT WIRE MODEL Radiated-emission analysis of a complex printed circuit board (PCB) by using full-wave approach requires full discretization of the structure. The discretization of signal traces, ground plane and dielectric layer lead to thousand unknowns to be solved which definitely represents a challenging work with regard to computational time and modelling effort.
The introduction of equivalent-wire model which replace the PCB track with wire not only avoid the discretization of the dielectric substrate, moreover it also desists the discretization of the traces to account for the edge singularities of current and change [7] - [8] .
Generally in this model, a microstrip trace will be substituted by a wire line which possesses the same propagation characteristic as the microstrip trace. This is accomplished by replacing the microstrip structure with wire of equivalent radius, r eq within a homogeneous medium with an effective dielectric permittivity ε r,eff , as shown in Fig. 1 . The current distribution on this wire will then be determined using TWM to represent the current distribution on the microstrip line. The transmission line parameters, expressed as effective dielectric constant, ε r,eff and characteristic impedance, Z c , depend on the substrate dielectric constant, ε r and the ratios of strip width and strip thickness to substrate height, w/h and t/h, respectively. Z c and ε r,eff can be calculated by various closed-form expressions. A simple and accurate set of equations is given by (1)-(3). Hence, the required radius for the equivalent wire line r eq is found by a characteristic impedance match given by (4) .
However, as frequency increases, the quasi-TEM assumption gradually breaks down. In this case, the equivalent wire model is not valid and the maximum frequency is determined by (5), where w and h represent the microstrip width and substrate height in millimetre while ε r represents the substrate dielectric constant. This method was originally proposed by T. Nakamura [9] - [10] . The TWM method decouples the current into forward and backward modes, so that the unknown current amplitude could be removed from the integral to be solved numerically. The equivalent characteristic impedance and phase constants for each node at any position on the line are then obtained.
As shown in Fig. 2 , the fields observed at an arbitrary point s on the conductor surface are due to the combination of all source points s' 1 and s' 2 and the images with a ground plane, where L and h represent the length and height of the structure above the ground plane. [6] With this model, the equivalent per-unit-length series impedance z(s) and shut admittance y(s) can be expressed as follow. (6) and (7) 
(1)
The subscript t refers to forward wave or backward wave. For t=f, the upper sign is taken, for t=b, the lower sign is taken. The characteristic impedances Z t (s) and phase constants t (s) are obtained as Due to structural symmetry, for s between 0 to L, the modal characteristic impedance Z t (s) and modal propagation constant t (s) are given as
In order to solve for the voltage and current distribution at each point on the bent transmission line, the entire nonuniform bent transmission line is divided into N cascaded segments, the length of each segment is short enough to approximate a uniform transmission line (<0.1λ) as shown in Fig. 3 The voltages and currents at the source location and the load end can be related by the transmission matrix as
Combining (20)- (21), the voltage and current at the source location are solved as
Finally, the voltage and current at any position on the bent transmission can be derived from (17).
IV. CALCULATION OF ELECTRIC FIELD BY HERTZIAN DIPOLE METHOD
The Hertzian dipole consists of an infinitesimal current element dl carrying a phasor current Iˆthat is assumed to be the same (in magnitude and phase) at all point along the element length [11] .
Radiating section in an electrical circuit is considered to be made up of a number of ideal radiating dipoles, short enough for the current to be approximated as constant along the length of each dipole.
The coordinate system to calculate the electric field radiated from a bent microstrip line with a bent angle of o φ is illustrated in Fig. 4 [6] . The bent microstrip line can be divided into a number of cascaded short uniform dipoles. The electric field from the entire bent wire can be found from the sum of all the contributions from each dipole element of the line. In frequency domain, the formulas to calculate the electric fields expanded from the Hertzian dipole approach are given as follows [6] : The result of the investigation will be presented in the next section.
VI. RESULT AND DISCUSSION
The radiated emission is represented by the two dimensional polar view. The required Cartesian coordinates (x, y, z) for points 2 m away from the origin can be converted from the spherical coordinate r , ,θ φ by using the coordinate transformation.
Substituting the coordinates and relevant parameters into (22) -(24), the electric field, E x , E y , E z in the Cartesian frame can be obtained. These fields are then converted to components
in the spherical coordinate system for plotting in the two dimensional polar views. Fig. 6 -Fig. 8 are the two dimensional radiation patterns of a 90 o bent microstrip line with different operating frequencies and different termination schemes. The solid line represents the result from the expanded hertzian dipole approach, while the dashed line is the result obtained using the MICROWAVE STUDIO®.
It is interesting to observe from the results that the agreement with that achieve from MICROWAVE STUDIO®.
Obviously, this approach is excellent in predicting the electric field radiation especially for E phi ( φ E ) component. Even though there is some differences on the radiation pattern of E theta ( θ E ) component, generally they are both similar from the standpoint of directivity of the electric field. However, when the bent microstrip line is in open terminated condition, the radiation pattern calculated from analytical formulations and MICROWAVE STUDIO® match exactly. It is believe that radiation due to the reflection from open termination is much more dominant compare with the reflection due to the bent. So the effect of the bent is overwritten by the effect of the open termination. Since the microstrip line had been modelled as a wire, the MICROWAVE STUDIO®, is again used to determine the radiation pattern of the transformed bent wire. The results of comparisons are shown in Fig. 9 -Fig. 11 . The solid line represents the result obtained from the expanded Hertzian dipole formulation while the dashed line represents the simulation results from MICROWAVE STUDIO®. In this work, a totally different approach is combined in establishing the electric field of the bent microstrip line. Precursory, the current distribution is often solved by using the full wave approach, for instance method of moment (MoM), which it involves a full discretization of the signal traces, ground plane and dielectric layer. Definitely, the results computed from this approach are highly accurate but yield a very long computation times. Contrary, the endorsement of equivalent wire model had reduced the needs of discretization and also the computation time (1 minute is needed for a three-dimensional electric field plot with a 3.19GHz processor, 512 RAM). The efficiency of this method in predicting the radiated emission was demonstrated in [7] - [8] . The authors M. Leone et. al. conclude that, as long as the operating frequency is within the quasi-TEM range, below f g,stat , the percentage of error is negligible.
Then, by adopting the equivalent wire model into the travelling wave mode (TWM) method [9] - [10] , the current distribution is calculated. By using this method, a lot of parameters for example, the variation of impedance, Sparameter, ABCD matrix, at each position on the line could be accomplished. It definitely provides more information to the circuit designer in understanding more the characteristic of the transmission line.
The computation of the electric field involves the Hertzian dipole model which is a conventional and established method in predicting the electric field of a wire structure in the air. From the result, it has been proven that, Hertzian dipole model can also be implemented into the case of microstrip line with certain adjustment according to the orientation of the microstrip traces [6] .
The combination of different approaches eventually produces a simple, faster, and convenient analytical approach in calculating the electric field of bent microstrip line precisely.
VII. CONCLUSION
Overall, by using the equivalent wire model, the bent microstrip line can be approximated as its equivalent bent wire to be applied into the travelling wave mode (TWM) method in order to resolve the current distribution on the bent microstrip line. Radiated emission is then calculated by using the expanded Hertzian dipole formulations. The efficiency of this approach is proven with the simulation result from MICROWAVE STUDIO® and also conclusions made from the work proposed by Takashi Nakamura et. al. Since this approach can correctly predict the radiated emission of bent microstrip line in a more convenient and easier way without compromise its accuracy, it definitely can assist circuit designers to improve on their circuit design in shortest time, to ensure sufficient immunity and limited radiated emission for compliances with electromagnetic compatibility regulations (CISPR, FCC, VDE etc).
Anyway, there is a limitation for this equivalent wire model which it may leads to some inaccuracy. According to [8] , when the operating frequency of the microstrip line is beyond the quasi-TEM range, the error of applying the equivalent wire model will increase and hence induce imprecision. This limitation provides some extension for the future work in improving the equivalent wire model, to accommodate the increasing of operating frequency. Besides that, since it is impossible to have one bent on one printed circuit board, this research can be further extended to produce an algorithm which takes into consideration of all the bents on the printed circuit board at one time.
